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Abstract 
The analysis of methane concentration measurement inaccuracy induced by the intensity 
variation of a DFB laser at 1666 nm in a multipoint fibre optic sensor has been reported. The 
measurement is based on wavelength modulation spectroscopy (WMS) with second harmonic 
(2f) detection technique. The 2f signals are normalised to the average laser intensity and the 
detector gain to eliminate the effect of transmission loss and laser intensity variation on the 
measurements. The measurements are conducted at two laser intensities, defined as 
nominated intensity and 73% of the nominated intensity, to quantify the measurements errors 
due to the intensity change. The experimental results show that a significant change in the 
laser intensity yields differences in the 2f signals; as a result, errors were induced. A model is
developed to quantify the errors in the concentration measurements. The maximum 
deviations for single cell, 2-Cell, and 3-Cell measurements to the given concentration of 10%, 
7.5%, and 5.667% are calculated to be 9.764%, 7.2235%, and 5.368%, respectively. The 
concentration error increases with the cell number because of the accumulated background 
transmission loss of the gas cells in 2-Cell and 3-Cell in comparison to a single cell 
measurement.
Keywords: Wavelength modulation spectroscopy, methane concentration, fibre optic 
multipoint sensor, DFB laser, intensity variation 
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1. Introduction
Tunable diode laser (TDL) sensors based on optical absorption and wavelength modulation 
spectroscopy (WMS) have been used for combustion diagnostics [1], engine exhaust 
monitoring [2], analysis of landfill gases [3], mines air pollution monitoring [4] and 
explosives detection [5]. Incorporating with fibre optics, a simultaneous, non-intrusive, and 
reliable method for in situ measurements of gas concentration and temperature in various 
harsh environments can be achieved [6]. Chan et al. [7] reported the first fibre optic sensor 
for methane measurement using a light emitting diode (LED) at 1330 nm. Chan et al. [8] used 
fibre optics with a length of 2 km and an LED at 1665 nm to detect methane 2v3 band. In 
another study, Gladyshev et al. [9] used a TDL and a gas cell for detection of methane 2v3
band at 1645 nm. The first fibre optic multipoint methane sensor was reported by Stewart et 
al. [10]. Multiplexing technique and a fibre splitter were used to distribute the power of a 
1665 nm distributed feedback (DFB) laser between couple of gas cells. Shemshad [11]
reported the first fibre optic sequential multipoint methane sensor. A single DFB laser at 
1665 nm and couple of methane gas cells connected in series were used to measure the 
average methane concentration.    
Although there have been significant studies reported on developments of fibre optic gas 
sensors, however, a quantitative study of the effect of laser intensity variation on fibre optic 
gas sensors is still favourable. In this paper, to the best of the author’s knowledge, for the first 
time, analysis of inaccuracy in methane concentration measurements induced by a DFB laser 
intensity variation in a fibre optic multipoint sensor is reported. The measurement is based on 
the second harmonic wavelength modulation spectroscopy (2f-WMS). The Q(6) transition of 
the 2v3 band of methane near 1666 nm has been selected because the transition is relatively 
free of interference from water vapour and absorption by other major gases [12]. The 
experimental investigation has been conducted on sequential 2-Cell and 3-Cell networks 
incorporating seven gas cells prefilled with methane gas at different concentrations [11]. 
To investigate the concentration measurement inaccuracy due to the laser intensity change, 
the measurements were conducted at two laser intensities. The DFB laser power was tuned to 
operate at a nominated intensity and 73% of the nominated intensity to simulate the laser 
intensity change. The second harmonic (2f) signals at the two laser intensities and for 
different methane concentrations were measured and normalised to the average laser intensity
and the detector gain. The experimental results show that a significant reduction in the laser 
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intensity of approximately 27%, yields, differences in the measured 2f-WMS signals. This 
induces errors in the concentration measurements which have quantitatively obtained for 
single, 2-Cell, and 3-Cell connections for different concentrations.    
2. Fundamentals of wavelength modulation spectroscopy (WMS)
The fundamental of absorption spectroscopy is based on the attenuation of spectral intensity 
[W/m2] that happens when radiation interacts with species molecules and is represented by 
Beer Lambert Law [13, 14]. In a study by Shemshad [11], a theoretical model is developed to 
describe a sequential multipoint sensor consisting of numbers of gas cells. Assuming n 
identical gas cells with equal background and insertion losses of  in each gas cell, are 
connected in series, thus the Beer Lambert Law can be written as:
where  is the transmission coefficient, and represent the initial laser intensity 
and transmitted intensity after passing through n gas cells, respectively; L[cm] is the path 
length, and is defined as the average concentration of target gas within the sequential
multipoint sensor. Many models are reported to describe WMS in various applications [15, 
16]. The model presented here, provides the magnitudes of the 2f signals extracted by a lock-
in amplifier which is most suitable for real application of gas sensing. Modelling WMS starts 
with modelling the laser intensity and wavelength dependent absorption. When the laser 
injection current is sinusoidally modulated with an angular frequency of ω, the instantaneous 
output frequency of the laser, υ (t), is written as:   
in which  is the laser centre frequency and  is the modulation depth. 
These parameters must be defined accordingly to the laser operational setup for these 
measurements. The transmission coefficient for the laser beam through the absorbing feature 
is defined in terms of the Fourier series as follows [17]:
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If the laser light transmitted through the absorption cell is impinged onto a photodetector, the 
individual harmonic Fourier components at nth harmonic of the modulation frequency can be 
extracted by a lock-in amplifier. The processed signal is a proportional to [18]:  
A simplified model for the second harmonic signal is expressed as [19]: 
Where G is the electro-optical gain of the detector and not required to be measured as it 
cancels out in the normalization procedure. Note that the 2f signal also depends on H0 and 
 terms. This model is more appropriate for gas sensing application in atmospheric pressure 
[20].
3. Experimental design 
3.1. Experimental setup
The experimental setup for multipoint WMS measurement is shown in Figure 1. The 
experimental investigation used fibre optic collimated gas cells (Wavelength References 
Inc.), a DFB laser system with 1666 nm centre wavelength (Toptica Photonics (model LD 
1666-DC/TC 110), a 400 kHz bandwidth photodetector (Thorlabs model PDA 50B-EC); a 
DSP lock-in amplifier (Stanford Research Systems, model SR830), and a 300 MHz 
bandwidth digital oscilloscope (Tektronix model DOP 3034). 
2f / DC
DAQ/Digital
Oscilloscope 
Lock-in
Amplifier
Function
Generator
DetectorCH4
Gas Cell
CH4
Gas Cellr
Laser
Controller
DFB 1666nm L
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Figure 1: Schematic of the experimental setup
The gas cells were sealed glass tubes with 9 mm OD and 16.5 cm length containing pre-
defined methane concentrations mixed with nitrogen as background gas. Seven gas cells with 
CH4 concentrations of 0.1%, 0.2%, 0.5%, 1%, 2%, 5%, and 10% balance in N2 with the 
accuracy of 99.9% were used in the measurements. The total pressure of mixture of CH4 and 
N2 in the gas cells was in the range of 740-750 Torr. Fibre optic pigtailed collimators were 
attached at both ends of the gas cells to couple the laser light in and out through the glass 
tube. The glass tubes and fibre optics collimators were placed in a case and precisely line-of-
sight aligned to allow for maximum transmission occurrence. 
The DFB laser was a fibre pigtailed laser with an internal isolator of 30 dB and course tuning 
range of 5 nm via Peltier temperature cooling element. The laser can be scanned over the 
entire wavelength range with a minimum resolution of 1 °C and 1 mA by temperature and 
current controller, respectively. The DFB laser can produce maximum output power of 13
mW and 8 mW at temperature/current settings of 3 °C/80 mA and 48 °C/100 mA, 
respectively. The temperature tunning coefficient is 14.7 GHz/K (0.14 nm/K) at set current of 
81 mA over the temperature range of 3-48 °C. The current tunning coefficient is 0.9 GHz/mA 
(0.008 nm/ mA) at the set current of 86 mA and chip temperature of 23 °C. As an initial test, 
the output power of 10 mW at temperature setting of 23.5 °C and DC injection current of 80
mA was measured. 
The laser wavelength was double modulated by superimposing a sine wave and a triangle 
ramp to the laser DC injection current. The modulated laser output was connected to the gas 
cell, the transmitted laser intensity through the gas cell was first detected by the photodetector 
and then by the lock-in amplifier to extract the harmonic signals. The harmonic signals were 
measured (50 averages) and displayed on the digital oscilloscope. In order to quantify the 
WMS measurements, modulation parameters of the laser such as modulation depth, intensity 
modulation amplitude, and FM/IM phase shift, must be precisely obtained. The DFB laser 
used in the experiment has been experimentally characterised previously [11]. 
3.2. Procedure of 2f-WMS measurements
An important factor in sensor design is absorption line selection; an optimum transition can 
greatly improve the sensor performance [21]. Shemshad et al. [12] investigated the most 
suitable band of methane absorption lines in near infrared spectrum. It was found that the Q 
band transitions of 2v3 band make it a suitable target for spectroscopic detection of methane
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in near infrared region. In this study, the Q(6) transition of the 2v3 band of methane near 1666 
nm has been selected. The 2v3 band of methane consists of transition lines with a small 
spectral separation between the lines. By applying a large modulation depth, the non-
absorbing wings from the adjacent lines may interfere with the measurement. Through the 
experimental process, a range for modulation depth was obtained, and the modulation depth 
of 0.104 cm-1 was used. The effect of modulation depth on 2f signal has been theoretically 
investigated by Shemshad et al. [12]. This can be experimentally and fundamentally 
discovered by investigating the detector output. 
To perform WMS measurements, the DFB laser was modulated by a sine wave signal at a 
frequency of 6 kHz and scanned by a triangle ramp at 50 Hz over the 2v3 Q(6) transition line
of methane. The laser frequency detuning was adjusted through the precise control of the 
ramp signal and set to be 27 GHz over the line centre at wavelength of 1665.95 nm (6002.6 
cm-1). The lock-in amplifier time constant set to be 300 s. The measurement was performed 
by placing the methane gas cells one at a time in the experimental configuration as Figure 1. 
The measurements were repeated by placing 2 gas cells and 3 gas cells in series forming 2-
Cell and 3-Cell networks, respectively. The laser injection DC current and temperature were 
set to be 75 mA and 23.4 C, respectively, to tune the laser to the target wavelength. The last 
step was to normalise the measurement in order to eliminate any variation of the laser 
intensity on the detector. The normalisation process in this study is adopted from the previous 
work [11].  
4. Analysis of inaccuracy in 2f-WMS measurements   
4.1. Measurements as a function of laser intensity 
In this section the 2f-WMS measurement sensitivity to a large change in the laser intensity is 
presented. The sources of the intensity variations include fluctuation in laser output intensity 
due to the modulation of the injection current, random laser source fluctuations, gradual 
intensity drifts, etalon effects, intensity drift due to the electronics, transmission loss in the 
optical path, insertion loss, and contamination of the optics. Despite the fact that there are 
various sources of intensity variation to be considered, but experimentally the laser intensity 
adjustment is electronically manageable in the measurement system. In this experimental 
investigation, relatively large laser intensity adjustment was made to experimentally measure 
the effect of intensity variation on the normalised 2f-WMS signals, and to quantify the 
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measurement error. Theoretically, these variations should be eliminated through the 
normalisation process. The normalisation process allows quantification of the measured 2f
signals to the gas concentration. 
A nominated intensity of operation, P1, was defined for the laser by setting the injection 
current to 50 mA. The nominated power entering the gas cells was measured to be 
approximately 52% of the maximum laser power. To investigate the intensity variation
effects, the measurements were repeated after defining a new intensity value. This value, 
defined as P2, was adjusted to be approximately 73% of the nominated intensity. To tune the 
laser to operate at a new intensity, one can adjust the laser injection current to a new value to 
drive the laser to operate at the desired output intensity.  The issue with this method is that 
any change in the injection current will change the laser wavelength; therefore, the laser must 
be thermally re-tuned to compensate the wavelength shift. In addition, the laser drive linearity 
is changed if the laser operates at different power levels. If the laser current is set to a 
relatively small value in order to reduce the laser output intensity, the scanning range of the 
laser may be limited under the given measurement conditions.
To scan the laser wavelength, a triangle signal is superimposed to the laser injection current,
thus, it is necessary to maintain the lower peak of the scanned injection current at a level 
above the laser threshold current by adjusting the triangle signal amplitude. In addition, this is 
required to obtain the desired modulation depth. A higher scanning range is also required to 
recover the non-absorbing zero baselines. To set the laser to operate at the new intensity 
meanwhile avoiding the issues discussed above, an optical attenuator was used. Thus, it was 
no longer necessary to reset the laser injection current or thermally retune the laser 
wavelength to the line centre. A variable fibre optic attenuator was connected to the laser 
output to reduce the laser intensity to a new value of approximately 38% of the maximum 
laser intensity. This is equivalent to approximately 73% (-1.4 dB) of the nominated intensity. 
Maintaining the experimental conditions, (e.g., the laser wavelength setting, modulation 
parameters, and injection current); the experiments were repeated and analysed at the new 
laser intensity setting. 
First, the raw (not-normalised) 2f signals at different methane concentrations at modulation 
depth of vm = 0.104 cm
-1 were measured. The measured 2f signals were then normalised to the 
laser average intensity and detector gain, as the process was explained previously. The
maximum peak normalised values for all the 2f signals were calculated. Figure 2 and 3 show
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the maximum peak 2f raw and normalised values for methane concentrations in the range of 
0.1-10% for a single cell measurement at the input intensities of P1 and P2, respectively. Note 
that a polynomial fit is applied to the raw (not-normalised) data, as shown in Figure 2; and a 
linier fit to the normalised data, as shown in Figure 3. 
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Figure 2: Maximum peak raw (not-normalised) values of the 2f-WMS signals of methane at laser 
power of P1 and P2 and modulation depth of vm = 0.104 cm
-1
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Figure 3: Maximum peak normalised values of the 2f-WMS signals of methane at laser power of P1
and P2 and modulation depth of vm = 0.104 cm
-1
The non-linear behaviour of the 2f raw signals as shown in Figure 2 is because of higher 
absorbance conditions. However, the normalised signals became liner as shown in Figure 3 
because the identical non-linearity in DC signal used in normalisation process. As it was 
hypothesised, normalisation should have eliminated the effect of any fluctuations in the laser 
intensity. It can be clearly observed from Figure 3 that the normalisation process significantly 
reduced the differences in the measured signals at both of the input intensities of P1 and P2. 
The normalisation process corrected the non-linear trend and, thus, linearized the 
measurements that were taken at the higher methane concentrations. However, the results 
show that there are discrepancies in the normalised 2f signals induced by the intensity change
which is quantitatively discussed in the next section. 
4.2. Quantifying the concentration measurement inaccuracy
The laser intensity variation can occur due to electronics and thermal 
effects, laser-specific tuning characteristics, transmission loss in the optical path such as 
insertion loss and optics contamination. Thus, it is important to quantify the intensity 
variation effect on concentration measurements. Shemshad et el. [12] quantitatively studied 
the effects of pressure and temperature on the concentration measurement of methane 
applying 2f-WMS technique. Here, a new model is developed to quantify the effect of 
intensity variation on the methane concentration measurements as:
where  is a relative dimensionless number to show the concentration measurement 
inaccuracy, Cref is reference methane concentration corresponding to the gas cells at the time 
of measurements, and and   are the 2f maximum peak 
normalised signals at the laser intensities of P1 and P2, respectively. The methane 
concentration C can be obtained using calibration curves [11].   
The measurements were conducted at the modulation depth of vm=0.104 cm
-1 and repeated 
for single, 2-Cell, and 3-Cell combinations for different concentrations. The experimental 
conditions, gas cell pressure and temperature were P=750Torr and T= 294K, respectively.
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For the analysis, it was assumed that the pressure and temperature in the gas cells remained 
constant during the experiment. Measurement discrepancies that result from variations in the 
laser intensity lead to errors in the measurements of methane concentration. The quantified 
values of the errors for single cell, 2-Cell, and 3-Cell for corresponding concentrations are 
given in Table 1.
Table 1: Quantified values of the errors induced by the laser intensity change ΔP=P1-P2 and new 
concentration readings for single cell, 2-Cell, and 3-Cell measurements
Reference concentration
 %
Absolute concentration error New concentration reading 
%
1-Cell 2-Cell 3-Cell 1-Cell 2-Cell 3-Cell 1-Cell 2-Cell 3-Cell
0.1 0.15 0.267 0.003 0.006 0.013 0.097 0.145 0.254
0.2 0.3 0.433 0.007 0.013 0.020 0.193 0.288 0.413
0.5 0.6 0.567 0.012 0.024 0.026 0.488 0.576 0.541
1.0 0.75 0.767 0.022 0.028 0.034 0.978 0.722 0.733
2.0 1.1 0.867 0.049 0.043 0.041 1.951 1.058 0.826
5.0 1.25 1.033 0.121 0.047 0.047 4.880 1.203 0.986
10.0 1.5 1.167 0.237 0.055 0.054 9.764 1.445 1.114
2.6 1.867 0.096 0.089 2.504 1.778
3.0 2.033 0.113 0.099 2.887 1.934
3.5 2.167 0.129 0.108 3.371 2.060
5.1 2.40 0.189 0.122 4.912 2.278
5.5 2.667 0.206 0.137 5.294 2.530
6.0 3.433 0.222 0.173 5.778 3.261
7.5 3.70 0.278 0.187 7.223 3.513
3.833 0.194 3.639
4.167 0.213 3.955
4.333 0.225 4.108
5.033 0.265 4.769
5.167 0.273 4.894
5.333 0.281 5.052
5.667 0.299 5.368
Note that the Table 1 shows the reference concentration values, absolute concentration error 
caused by the laser intensity change from P1 to P2 and the new concentration readings. As an 
example, the new concentration measurement for 2-Cell 1.5% reference concentration is 
calculated to be 1.445% with an absolute concentration error of 0.055. Figure 4 is plotted to 
show the absolute concentration error trends for single cell, 2-Cell, and 3-Cell.     
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Figure 4: Absolute concentration measurement error induced by the laser power reduction from P1 to 
P2=0.73%. P1 for single cell, 2-Cell, and 3-Cell connections for different concentrations
The measurement error increases with the concentration and the number of gas cells. The 
error increases linearly for all concentrations. The maximum errors for 1-Cell, 2-Cell, and 3-
Cell measurements are calculated to be 0.237, 0.278, and 0.299; given the concentration 
readings of 9.764% instead of 10%; 7.223% instead of 7.5%; and 5.368% instead of 5.667%, 
respectively. The results show that despite a relatively large reduction of 27% to the laser 
intensity, the concentration measurement error remained within acceptable range. This 
indicates that even though the normalisation process has not completely eliminated the laser 
intensity variation effect on the measurements, but it has effectively minimised the effect. 
The effect shows different trend to the number of the gas cell which is analysed in the next 
section.    
4.3. Discussion
It was found that the error was systematic not experimental measurement error but relatively 
small and increased with the number of gas cells. The measurements were repeated at the 
same conditions over time intervals and the results were cross checked to ensure the 
repeatability and accuracy of the measurements. To investigate this phenomenon, two stage 
experiments were conducted to characterise the gas cells in terms of measuring background 
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power loss of each gas cell. In the first stage, the DFB laser was tunned at 1665.95nm where 
the laser light has the maximum interaction with the methane gas and the peak absorption is 
occurred. A term, peak transmission coefficient, is defined as: 
The laser power to the gas cell Pin was set at two different values of 6.0 mW and 7.2 mW, and 
the peak transmissions ( ) were measured for each gas cell. This coefficient indicates the 
total transmission loss due to methane absorption and background loss of the gas cell. The 
background loss arises from the collimating lenses characteristics and also misalignment 
issue. In the second stage, the DFB laser was tunned at 1664.50 nm, the non-absorbing 
wavelength, where the laser light has no interaction with methane gas. Similarly, a term, 
background transmission coefficient, is defined as:  
The laser power to the gas cell was set at the same values as in stage one and the background 
transmission ( ) for each gas cell was measured. The background transmission 
coefficients at 1664.50 nm and peak transmission coefficients at 1665.95 nm were 
experimentally measured for 1-Cell and calculated for 2-Cell and 3-Cell configurations at the
defined laser power of Pin =6 mW and Pin =7.2 mW. The background attenuation sources are 
insertion loss, coming from connectors, and collimating lenses at both ends of the gas cells. It 
was realised that the background transmission coefficient of the gas cells were not uniform 
and slightly different for individual gas cells showing structural differences in terms of 
collimation and misalignment. It should be noted that these experimental measurements 
accounted for transmission attenuations at non-absorbing wavelength of methane, by other 
mean, the maximum transmission through the gas cells with no absorption. While the peak 
absorption occurs on the line centre at the wavelength of 1665.95 nm, and accounted for the 
maximum attenuation. The background attenuation increases with the gas cell number, 
inversely the background transmission decreases, resulting in a decrease in the background 
transmission coefficient. After these measurements, the ratio of the peak transmission to the 
background transmission at the defined laser powers is calculated and plotted in Figure 5.
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Figure 5: The ratio of peak to background transmissions at Pin =6.0 mW and 7.2 mW
Linear fits were applied to show the ratio trends, and it is clearly seen that the ratio slightly 
decreases with the number of the gas cell. It is an indication that the ratio of decrease in the 
peak transmission is slightly higher than the background transmission for 3-Cell and 2-Cell 
than 1-Cell for the same methane concentration. For example, for relatively similar methane 
concentrations of 1-Cell=1%, 2-Cell=1.1%, and 3-Cell=1.033%, the ratio of the peak 
transmission to the background transmission is 0.89, 0.79, and 0.59, respectively. The ratio 
slightly decreases as the laser power is decreased, thus the contribution of the laser power to 
the measurement discrepancy is realised. It is interpreted that as the cell number and the laser 
power increase less power is transmitted through the gas cells due to higher gas absorption 
and also higher background attenuation. Because of less power is transmitted, and impinged 
to the detected, it is expected that the corresponding 2f signals decrease as a result, however,  
the measurements show that the corresponding 2f signals are increased. This is a clear 
indication that the higher absorption is more accountable for the less transmission and power 
loss than the background attenuation, thus the error is increased with methane concentration 
and the cell number. 
There are still questions to be answered about potential sources of the measurement’s error. 
In addition to the gas cell characteristic factor which has been experimentally investigated, 
spurious Fabry-Perot (F-P) resonance which is common in absorption cells can be considered 
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as a potential source to induce error in the measurement. However the effect of F-P resonance 
is minimal if efficient anti reflection (AR) coating is applied. The gas cells had AR lenses at 
the two ends of the gas cell (glass tube). The fibre pigtailed collimators were attached to the 
AR lenses. This structure would efficiently suppress spurious F-P resonances.  In addition, 
the results were relatively compared, therefore in case of any undesired interference in the 
signals the interference would omit if two measured signals were compared. 
5. Conclusions
This paper reports for the first time the analysis of methane concentration measurement 
inaccuracy due to the intensity variation of a DFB laser at 1666 nm in a fibre optic multipoint 
sensor using 2f-WMS technique. A model has been developed to quantify the measurement 
inaccuracy induced by the intensity change. The DFB laser was power tuned to operate at two 
different intensities; accordingly the 2f signals were measured.  The 2f signals were 
normalised to the average laser intensity and the detector gain to eliminate the effect of the
transmission variations due to the laser intensity fluctuation and non-absorption transmission 
losses on the measurements. Despite the fact that the normalisation process significantly 
corrected the unfavourable transmission variations on the measurements, however, there still 
considerable discrepancies in the normalised 2f signals which results in errors in the 
concentration measurements. The error increases linearly with the methane concentration and 
the number of the gas cell. The increase in the cell number increases the effective optical path 
length therefore higher absorption condition. The maximum errors for 1-Cell, 2-Cell, and 3-
Cell measurements for methane concentration of 10%, 7.5%, and 5.667%, are calculated to 
be 0.237, 0.278, and 0.299, respectively. This indicates that the new concentration readings 
are 9.764%, 7.223%, and 5.368%, respectively. The results show that despite a relatively 
large reduction of 27% to the laser intensity, the concentration measurement error remained 
within acceptable range. 
Acknowledgments
The author would like to thank CRCMining Australia for financial support of the project, the 
Queensland Quantum Optics Lab for providing facilities, Adana Science and Technology 
University for employment support, and team of academics and scientists namely Associate 
Professor Mehmet Kizil, Dr. Saiied Aminossadati, Associate Professor Warwick Bowen, and 
Dr. Joachim Knittel for consultative and technical supports.     
Page 17 of 19
Ac
ce
pte
d M
an
us
cri
pt
17
References 
1. Liu, Jonathan T.C., et al., Near-infrared diode laser absorption diagnostic for temperature 
and water vapor in a scramjet combustor. Appl. Opt., 2005. 44(31): p. 6701-6711.
2. Silver, J.A., D.J. Kane, and P.S. Greenberg, Quantitative species measurements in 
microgravity flames with near-IR diode lasers. Appl. Opt., 1995. 34(15): p. 2787-2801.
3. Stewart, G., et al. Near infrared spectroscopy for fibre based gas detection. in Proceedings of 
SPIE - The International Society for Optical Engineering. 2010. Orlando, FL.
4. Wang, H., et al., Measurement Technique for Methane Concentration by Wavelength 
Scanning of a Distributed Feedback Laser. Laser Physics, 2008. 18(4): p. 491-494.
5. Riris, H., et al., Explosives detection with a frequency modulation spectrometer. Appl. Opt., 
1996. 35(24): p. 4694-4704.
6. Allen, M.G., Diode laser absorption sensors for gas-dynamic and combustion flows.
Measurement Science and technology, 1998. 9(4): p. 545.
7. Chan, K., H. Ito, and H. Inaba, Optical remote monitoring of CH4 gas using low-loss optical 
fiber link and InGaAsP light-emitting diode in 1.33 um region. Applied Physics Letters, 1983. 
43(7): p. 634-6.
8. Chan, K., H. Ito, and H. Inaba, An Optical-Fiber-Based Gas Sensor for Remote Absorption 
Measurement of Low-Level CH4 Gas in the Near-infrared Region. J. Lightwave Technology, 
1984. LT 2(3): p. 234-237.
9. Gladyshev, A.V., et al., Tunable single-frequency diode laser at wavelength λ=1.65 um for 
methane concentration measurements. Spectrochimica Acta Part A: Molecular and 
Biomolecular Spectroscopy, 2004. 60(14): p. 3337-3340.
10. Stewart, G., et al., Design of a fibre optic multi-point sensor for gas detection. Sensors and 
Actuators B: Chemical, 1998. 51(1-3): p. 227-232.
11. Shemshad, J., Design of a fibre optic sequential multipoint sensor for methane detection 
using a single tunable diode laser near 1666 nm. Sensors and Actuators B: Chemical, 2013. 
186(0): p. 466-477.
12. Shemshad, J., et al., Effects of pressure and temperature fluctuations on near-infrared 
measurements of methane in und rground coal mines. Applied Physics B: Lasers and Optics, 
2012. 106(4): p. 979-986.
13. Prakash Rustgi, O.M., Absorption Cross Sections of Argon and Methane between 600 and 170 
Å. J. Opt. Soc. Am., 1964. 54(4): p. 464-465.
14. Lykos, P., The Beer-Lambert law revisited: A development without calculus. Journal of 
Chemical Education, 1992. 69(9): p. 730.
15. Silver, J.A., Frequency-modulation spectroscopy for trace species detection: theory and 
comparison among experimental methods. Appl. Opt., 1992. 31(6): p. 707-717.
16. Kluczynski, P. and O. Axner, Theoretical Description Based on Fourier Analysis of Wavelength-
Modulation Spectrometry in Terms of Analytical and Background Signals. Appl. Opt., 1999. 
38(27): p. 5803-5815.
17. Liu, J.T.C., J.B. Jeffries, and R.K. Hanson, Wavelength modulation absorption spectroscopy 
with 2f detection using multiplexed diode lasers for rapid temperature measurements in 
gaseous flows. Applied Physics B: Lasers and Optics, 2004. 78(3): p. 503-511.
18. Reid, J. and D. Labrie, Second-harmonic detection with tunable diode lasers — Comparison of 
experiment and theory. Applied Physics B: Lasers and Optics, 1981. 26(3): p. 203-210.
19. Rieker, G.B., J.B. Jeffries, and R.K. Hanson, Calibration-free wavelength-modulation 
spectroscopy for measurements of gas temperature and concentration in harsh 
environments. Appl. Opt., 2009. 48(29): p. 5546-5560.
20. Philippe, L.C. and R.K. Hanson, Laser diode wavelength-modulation spectroscopy for 
simultaneous measurement of temperature, pressure, and velocity in shock-heated oxygen 
flows. Applied Optics 1993. 32(30): p. 6090-6103.
Page 18 of 19
Ac
ce
pte
d M
an
us
cri
pt
18
21. Cai, T., et al., A sensor for measurements of temperature and water concentration using a 
single tunable diode laser near 1.4 um. Sensors and Actuators A: Physical, 2009. 152(1): p. 5-
12.
Biographies  
Javad Shemshad obtained BSc and MSc in Electrical Engineering from Tabriz University in 
2001, and PhD in Mining Engineering with a speciality in optoelectronics system design from 
The University of Queensland in 2012. He is currently an Assistant Professor in the 
Department Electrical and Electronic Engineering at Adana BTU. His ongoing efforts focus 
on design and development of fibre optic sensors in chemical, geotechnical and 
environmental applications.
Page 19 of 19
Ac
ce
pte
d M
an
us
cri
pt
Analysis of inaccuracy induced by intensity variation of a DFB laser in 
fibre optic multipoint 2f-WMS measurements of methane near 1666nm 
 
Highlights 
 
 Analysis of methane concentration inaccuracy due to laser intensity variation  
 DFB laser at 1666 nm and fibre optics are used in the measurement 
 Second harmonic wavelength modulation spectroscopy is applied 
 Sequential multipoint sensor is designed  
 Background loss of the methane gas cells are measured  
 A model is developed to quantify the errors 
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